. Our measurement of magnetic charge and magnetic current establishes an instance of a perfect symmetry between electricity and magnetism.
Spin ices are frustrated magnets, a class of magnetic material well known for supporting exotic excitations, both in experiment 9, 10 and in theory [11] [12] [13] . The spin ice family [5] [6] [7] [8] is predicted to support sharply defined magnetic monopole excitations and offers the possibility of exploring the general properties of magnetic charge transport in an ideal model system 3 . There is significant experimental evidence to support the existence of spin ice magnetic monopoles 3, 14 (including some reported very recently [15] [16] [17] ), but this evidence does not include the direct observation of charge or current and relies strongly on interpretation via the microscopic theory of spin ice. In the analogous electrical case, charge and current may be directly measured, with only the basic knowledge that the sample is, say, a semiconductor or a metal. It therefore seems realistic to seek a method of measuring magnetic charge and current that is similarly direct and robust.
The second Wien effect describes the nonlinear increase in dissociation constant K (or equivalently the conductance) of a weak electrolyte (solid or liquid) in an applied electric field E (refs 4, 18) . In a seminal work of 1934, Onsager 4 derived a general equation for the Wien effect that provides an excellent description of experimental conductivity measurements on many kinds of electrolytes, including both liquid and lattice systems. Also, remarkably for a thermodynamic relation, it enables the experimental determination of the elementary charge e.
Onsager's theory should apply to any three-dimensional Coulombic fluid governed by two successive thermal equilibria: quasiparticle vacuum~bound pair of charges~f ree charges ð1Þ an example being the autoionization of water or water ice:
Here the quasiparticle vacuum is simply the uncharged solvent (2H 2 O), the square brackets indicate a closely associated ion pair and the absence of square brackets implies dissociated ions. A physical picture of the Wien effect is that an applied field accelerates the free ions and, opposed by Brownian motion, in favourable cases does enough work to overcome the Coulomb potential barrier that binds the ions together. The result is an increase, with field, of the rate of dissociation and hence of the corresponding equilibrium constant K. The field acts only on the forward reaction of the second (dissociation) equilibrium via the electrical force F 5 6 eE. Onsager's theory 4 is valid under the condition that the concentration of unbound defects is sufficiently small for the Debye screening length to be much greater than the association distance 4, 19 . Assuming the equivalence of electricity and magnetism proposed in ref. 3 , we apply Onsager's theory to magnetic charges by replacing electrical quantities with the appropriate magnetic ones. Specifically, e R Q, E R B, e 0 ?m {1 0 . Here Q is the magnitude of the emergent magnetic charge, B is the magnetic flux density, and e 0 and m 0 are the permittivity and permeability of the vacuum, respectively (note that the relative permeability can be set to unity in our case: see Methods). Onsager's main result may be approximated by the following form in the weak field limit 4, 20 :
which is valid for b , 3, where b is the dimensionless group
and k and T denote Boltzmann's constant and the temperature, respectively. The quantity {kT ffiffiffiffiffi 8b p may be interpreted as the Coulombic barrier to ion pair dissociation, at which the field energy 2QBr z balances the Coulomb potential 2m 0 Q 2 /4pr (ref. 19 ; here r is the distance, z is the field direction, and the zero of potential energy is measured at infinite separation). A pictorial representation of the physical content of the theory is shown in Fig. 1 .
We define n b and n u as the number of bound and unbound pairs, respectively, n 0 5 n b 1 n u as the total pair concentration and a 5 n u /n 0 as the degree of dissociation. The dissociation constant is given by:
If it is assumed that the reaction rates of the left-hand equilibrium in equation (1) are much faster than those of the right hand (dissociation) equilibrium, then all molecules may be considered as bound pairs 4 . Recalling that a = 1, then to a good approximation n 0 < n b < N, so the total number of defects is approximately constant at a given temperature. Following a disturbance, the relaxation of Da back to its equilibrium value is determined by charge recombination. Onsager showed that the decay is exponential with time constant n a 5 2m 0 k, where k is the conductivity, which is proportional to the equilibrium value of a: so n a / k / a (ref. 4) . It follows that the fractional increases in these quantities are equal and related by the equation 4 :
The conductivity is seen to increase with field, so is non-Ohmic. We now deduce a pertinent consequence of Onsager's theory by relating n a to the relaxation rate of the magnetic moment n m . Thus, the increase in the equilibrium constant K with increasing magnetic field (the Wien effect) defines a corresponding change in magnetic moment (dm) per unit forward reaction (da):
where DG 0 is the change in Gibbs energy per atom. Using equation (3) we find, for the weak field limit,
which is field independent. This equation may be integrated to find a proportionality between finite changes: Dm / Da. If an applied field is suddenly changed to a new value, then the slow relaxation of the moment occurs at the same rate as that of the monopole density: n m / n a . Combining this result with Onsager's equation (6), we find that measurement of the magnetic moment fluctuation rate as a function of field is equivalent to the observation of the magnetic conductivity, and gives direct access to the magnetic Wein effect:
which is an asymptotic expression for b R 0, where b is linear in the applied field (equation (4)). This equation should be valid, provided that both a and its change in field Da are sufficiently small. Corrections to the linear behaviour may be estimated as of the order of b 2 /24 from equation (6) . The magnetic conductivity is therefore proportional to the fluctuation rate n m of the magnetic moment, and, putting in the numbers, the 'elementary' magnetic charge Q may be derived from the initial slope and intercept of the field dependence of n m (B) via the equation:
Here m 5 slope/intercept is the field gradient of the relative magnetic conductivity, and the tilde means that Q is measured in units of m B Å 21 (SI units are used elsewhere). This equation predicts a specific data collapse of n m (B,T) that is characteristic of the Coulombic interaction of charges and their acceleration by a field. As the charge depends only on the ratio n m (B)/n m (0), we simply require an experimental quantity that is proportional to n m (B) in the weak field limit over a finite range of temperature. This use of relative quantities obviates the need for absolute measurements, which makes the method particularly robust and flexible. We have used this technique to test the theory and to determine the elementary magnetic charge in the spin ice Dy 2 Ti 2 O 7 (refs 6, 8) .
We discovered that transverse field muon spin rotation 21 (mSR) affords the most convenient probe of the relative changes in the magnetic fluctuation rate of Dy 2 Ti 2 O 7 . In mSR, muons implanted into a sample precess around the sum of the local and applied fields, and their decay characteristics give information on the time dependence of these fields. In an applied transverse field the muon relaxation function has an oscillatory form, resulting from the uniform muon spin precession about the applied field (Fig. 2) . However this uniform precession can be dephased by fluctuating local fields that arise from the sample magnetization M(r, t). In the low temperature limit of slowly fluctuating magnetization, the dephasing may lead to an exponential decay envelope of the muon relaxation function in which the decay rate l is proportional to the characteristic rate n m of the magnetic fluctuations 21 . The key property n m (B)/n m (0) 5 l(B)/l(0) can therefore be directly measured (see equation (9)). In the opposite (high temperature) limit of fast fluctuations, l also depends on the width of the field distribution s and the muon gyromagnetic ratio c. Here, one expects l / (sc) 2 /n m (ref.
2=3 (see equation (10)), demonstrating that only relative changes in l are required to obtainQ Q ef f in absolute units of m B Å
21
. We would expectQ Q ef f to approximate the trueQ Q only in a finite range of temperature. At too low temperature (say b 5 2mB ? 3), the theory (equation (9)) breaks down because Da becomes large, while at too high temperature, it breaks down because a becomes large. These limits on the range of validity can be estimated experimentally.
We first consider the temperature dependence of l(B 5 2 mT), as shown in Fig. 4 . The high temperature behaviour mirrors the known behaviour of the magnetic relaxation time, decreasing with temperature as e constant/T (refs 14, 22) . At low temperature l increases with temperature, consistent with the expected l / n m,a / a. From the graph, we can determine that the crossover from the presumed unscreened regime to the screened regime with rapidly increasing a is at T upper < 0.3 K. The inset of Fig. 4 shows the temperature dependence of l(B 5 2 mT, 1 mT): note the surprising non-monotonic temperature variation of l(B) at low temperature. By measuring b with equation (9), we estimate that the theory starts to break down below T lower 5 0.07 K, the onset of the quadratic regime in equation (6) . Thus 0.3 , T , 0.07 K is the range where the theory (equation (9)) should be valid. It should be emphasized that this represents a relatively large range in the more physically relevant parameter 1/T.
By fitting the experimental l(B) to extract slope and intercept, we estimate the effective chargeQ Q ef f T ð Þ, as described above. In the regime of validity, the value ofQ Q ef f saturates at ,5 m B Å 21 , even though both slopes and intercepts depend quite strongly on temperature (Fig. 3) . The (inverse) temperature dependence ofQ Q ef f is illustrated in Fig. 5 , where the effective charge is seen to increase rapidly above T upper 5 0.3 K, and to decrease slightly below T lower 5 0.07 K. There are two strong indications of a Wien effect in these data. First, Q eff (T) is approximately temperature independent in the regime of validity (Fig. 5) , and second, we find a monotonic temperature variation of the intercept l(0), which is transformed by the constant Q eff into the non-monotonic variation in l(B) noted above (see equation (10) and Fig. 4 inset) .
We now compare these results with the properties, known and predicted, of Dy 2 Ti 2 O 7 . In this material, Ising-like Dy 31 magnetic moments or 'spins' adopt a disordered and highly degenerate low temperature state in which each spin configuration corresponds to a hydrogen configuration in the low temperature state of (cubic) water ice 6, 7, 23, 24 . A thermally generated spin flip out of this state corresponds to a bound pair of ice's ionic defects 24, 25 . It has been predicted that this excitation should fractionalize, and that the dissociated defects should behave as monopoles in the magnetic H-field 3 . The unbound defects are therefore equivalent to dissociated ionic defects in water ice, and the analogy with equation (2) 
24
. This is indeed a typical degree of dissociation for a weak electrolyte that obeys Onsager's theory (that is, screening is negligible), as has been shown in detail 19 . The success of the method is impressive. For example, regarding Fig. 3 , these data may be collapsed (that is, represented as a function of the dimensionless b) over a significant range of temperature and field using a single parameter that is in excellent agreement with that calculated by a microscopic theory. However, even more remarkably, the method produces precisely the same data collapse over a range of experimental data on a broad variety of liquid and solid electrolytes 4 . Thus using Onsager's theory, we have demonstrated a perfect equivalence of electricity and magnetism. It is further a testament to Onsager that his theory is not only correct and universal, but also robust, in that it may be applied to straightforward experimental measurements of only modest precision 4 . This quality stems from the use of relative quantities, meaning in our case, that the mSR measurements are not subject to interpretation: many different analysis protocols would yield essentially the same result.
We have thus proved that magnetic charges exist in a spin ice material, that they interact by Coulomb's law and that they are accelerated by an applied field. Our experimental results are consistent with those discussed in refs 3, 14-17, but more directly probe the quantities of interest in the regime of temperature and field where a dilute gas of magnetic monopoles can be interrogated. We have also measured relative changes in the magnetic conductivity (Fig. 3) , and proved that monopole currents exist. This demonstration raises an interesting question. As discussed elsewhere 14 , the motion of spin ice monopoles is in principle constrained by the Dirac string network and this almost certainly precludes a direct current. However, our result implies that the network is irrelevant to monopole diffusion in the very dilute regime, which in turn suggests that macroscopic alternating currents may also be achievable in spin ice.
Our results have considerable ramifications for our detailed understanding of Dy 2 Ti 2 O 7 . In particular, an old paradox-that the spin ice state appears completely static to some probes and completely dynamic to others-is finally resolved. Below T 5 0.7 K, the zero field cooled state does not relax to the field cooled state when a field is applied 8 (see Methods), but nevertheless appears to be dynamic to mSR 27 and to the nuclear spin specific heat 28 . We ascribe this to magnetic monopoles being sufficiently numerous to equilibrate the zero field cooled state but too few to access, on realistic timescales, the field cooled states that are remote in configuration space.
In the broader context, our results have theoretical, practical and conceptual significance. At a theoretical level, they confirm the first instance of three-dimensional fractionalization 3 , provide a comparison with cosmic magnetic monopoles 29 , and recommend a close examination of the applicability of Onsager's theory to general Coulombic fluids. In practical terms, they pave the way for research dedicated to the control of magnetic charge currents-for example, in micromagnetic arrays that mimic spin ice 30 . Conceptually, they call for a reappraisal of the role of magnetic charge in physical systems 2 .
METHODS SUMMARY
Our experiment was performed on the MuSR spectrometer at the ISIS facility. Single crystals of cubic Dy 2 Ti 2 O 7 were aligned with [110] parallel to the muon spin direction and [100] parallel to the applied transverse field. The sample was zero field cooled and measured on warming. Time spectra were fitted to an exponentially damped cosine function in addition to an expected constant quick relaxation 27 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
High quality single crystals of Dy 2 Ti 2 O 7 were grown using the floating zone method, and aligned using an X-ray Laue camera. In the experiment, the crystals were aligned with the initial spin polarization of the muons along the [110] axis, with the magnetic field applied at right angles to this axis, along [100] . In mSR experiments, one measures the asymmetry of the muon beta decay as a function of time A(t), which is proportional to the time evolution of the muon spin polarization. A(t) depends on the distribution of internal magnetic fields and their temporal fluctuations.
Our experiment was performed on the MuSR spectrometer at the ISIS facility in the UK. All data were taken upon warming after zero field cooling (,10 mT) from 4 K to 60 mK, the temperature dependence being repeated twice as a control. Transverse field spectra were fitted out to long times using A(t) 5 A exp(-[lt]) cos(2put). The frequency of oscillations (u) can be expressed by u 5 c m jBj/2p, where B is the average magnitude of the local field at the muon site and c m is the muon gyromagnetic ratio. A constant, quick relaxation (l 0 5 3 mS
21
) was required for all the data, as expected for spin ice materials 27 , along with a non-relaxing background term. The fitting procedure allowed the relaxation rate l(B) to vary. The field was allowed to vary but the change from the nominal value was negligible. Figure 2 shows the time evolution of data taken at 100 mK in fields of both 1 and 2 mT, along with the fits to the data: the envelope of the relaxation is also shown. Background measurements were performed on a silver plate to test for the field inhomogeneity in the coils: here the observed relaxation was at least an order of magnitude slower than in the Dy 2 Ti 2 O 7 sample.
When zero field cooled below 0.7 K, the susceptibility of Dy 2 Ti 2 O 7 is sufficiently small to approximate m r 5 1 and to ignore demagnetizing effects. We have independently verified, using ultralow field magnetization measurements, that in our sample a spin ice freezing occurs at T 5 0.7 K, below which temperature the zero field cooled magnetization falls to small values.
Data were transformed toQ Q eff as described in the text. The vertical error bars in Fig. 5 were propagated from the estimated errors in the variables T and m in equation (10) ; the errors in m were determined from the least squares fits to the muon spectra. The error bars on some points in Fig. 5 are too small to represent on the plot. For example, at 100 mK,Q Q eff~5 :1+0:4 m BÅ {1 (e.s.d. error).
